In nanotoxicology, the capacity of nanoparticles of the same composition but different shape to induce cytotoxicity and genotoxicity is largely unknown. A series of cytotoxic and genotoxic responses following in vitro exposure to differently shaped CuO nanoparticles (CuO NPs, mass concentrations from 0.1 to 100 μg/ml) were assessed in murine macrophages RAW 264.7 and in peripheral whole blood from healthy volunteers. Cytotoxicity, cytostasis and genotoxicity were evaluated by the colorimetric assay of formazan reduction [3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT)] and by the cytokinesis-block micronucleus cytome (CBMN Cyt) assay. The comet assay was applied for detecting DNA strand breaks and information on oxidative damage to DNA (oxidised purines and pyrimidines). The MTT assay revealed a decrease in cell viability in RAW 264.7 cells and peripheral blood lymphocytes (PBL) with significant dose-effect relationships for the different CuO NP shapes. The comet assay revealed a dose-dependent increase in primary DNA damage, and a significant increase in oxidative damage to DNA was also detectable, as well as increased frequency of micronuclei in binucleated cells, often in a dose-related manner. Proliferative activity, cytotoxicity and apoptotic markers showed a significant trend in the two cell types. Finally, we have differentiated clastogenic events from aneugenic events by fluorescence in situ hybridisation with human and murine pancentromeric probes, revealing for the first time characteristic aneugenic responses related to the shape of CuO NPs and cell type. Independently of size and shape, all CuO NPs revealed a clear-cut cytotoxic and genotoxic potential; this suggests that CuO NPs are good candidates for positive controls in nanotoxicology.
Introduction
Nanomaterials may exhibit unusual interactions with cells and tissues, thus necessitating studies to better understand the different effects on biological systems relative to the composition, size and shape of these emerging nanomaterials. Likewise, it has been found that particles with dissimilar aspect ratios have a differential impact on cellular function, including cell proliferation, apoptosis, cytoskeleton formation, adhesion and migration (1) .
One of the most studied types of nanomaterials is CuO and a number of studies have clearly demonstrated significant cytogenotoxic responses both in vivo and in vitro, affecting the normal functions of the nervous system (2) . CuO nanoparticles (NPs) can also be cytotoxic in a concentration-and timedependent manner and elicit permeability and inflammation responses in human cardiac microvascular endothelial cells in vitro (3) . Moreover, CuO NPs induce genotoxic responses through the p53 pathway in human pulmonary epithelial cells A549 and induce oxidative stress in a dose-dependent way, as indicated by depletion of glutathione and induction of lipid peroxidation, catalase and superoxide dismutase (4) . CuO NPs, like many metal oxide NPs, exhibit low mutagenic potential toward Salmonella typhimurium. However, a dose-dependent inhibition of Escherichia coli WP2 was found after CuO NPs exposure at concentrations ranging from 100 to 1600 μg/ plate (5) . In vivo studies in rats have shown hepatotoxicity and nephrotoxicity and an integrated metabolomic analysis suggested that mitochondrial failure, enhanced ketogenesis, fatty acid β-oxidation and glycolysis contributed to the toxicity induced by CuO NPs (6) . Moreover, CuO NPs were found to be inflammogenic to the lungs of rats and induced a unique inflammatory footprint after both acute and chronic treatments. Exposure to CuO NPs was severely associated with neutrophilic/eosinophilic cytotoxic inflammation and increased levels of interleukin (IL)-1β, macrophage inflammatory protein-2 (MIP-2), eotaxin and lactate dehydrogenase in bronchoalveolar lavage fluid, 24 h after instillation (7) . It was also shown that CuO NPs were, by far, the most potent when compared with several other metal oxide NPs in inducing DNA damage; nevertheless, little is known about the comparative responses of differently shaped CuO NPs (8) .
The growing need for engineered nanostructured materials, to meet the vast number of applications that exploit their unique physical and chemical properties, requires the study of their cytotoxic and genotoxic potential and necessitates an improvement of current methods. One important aspect of the cytogenotoxicity assays is the use of an appropriate NP-type positive control (9) . In the current OECD guidelines, there is still no specific recommendation for NPs positive control. A positive control is used to confirm the proper performance of the assay, but must also include a control system for nanosized compounds, so that the comparisons that are made are relevant. Indeed, the lack of a nanoparticle-type positive control questions the suitability of the tests to identify nanomaterials with cytotoxic and genotoxic properties. ZnO NPs have been often used as positive controls but they have not always given unequivocal results, emphasising the need for a more careful evaluation of ZnO NPs effects across a spectrum of relevant cell types (10) . Similar considerations can be made for other types of NPs used as a positive control, such as CdO, CeO 2 and carbon black NPs.
In this article, we report on the cytotoxic and genotoxic responses induced by CuO NPs of different morphologies in an in vitro model of murine airway macrophages (RAW 264.7), a commonly used macrophage model in toxicological studies on nanomaterials. Airway macrophages are specialised for interacting with inhaled particles and their exposure to NPs may lead to distinct types of macrophage activation (11) , which account for different pathologic outcomes (12) . We also used human whole blood cultures from healthy volunteers, to mimic possible interactions with blood cells, the major route for NPs biodistribution (13) . The aim of this study was to demonstrate that, independently from geometrical characteristics, all CuO NPs show positive responses making CuO a good positive control in nano-genotoxicological studies.
We used CuO NPs from an industrial partner (Intrinsiq Materials Ltd and here named INT) and three CuO NPs differing in shapes and surface area (rods, spheres and spindles) synthesised within the frame of the European Commission Framework Programme 7 (FP7) NanoReTox project, to address the environmental and human implications of increased exposure to engineered NPs and to contribute to address major concerns in nanotoxicity by specifically investigating a possible correlation between physicochemical properties and toxicity.
Cytotoxic, primary and oxidative genotoxic effects of CuO NPs were evaluated by the formazan reduction [3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT)] assay and the single-cell gel-electrophoresis (comet) assay in its classical version and in the modified one with the use of restriction enzymes. A key mechanism thought to be responsible for the genotoxic effects exerted by nanomaterials, in particular by CuO NPs, involves an increased production of intracellular reactive oxygen species (ROS). ROS-induced DNA damage is typified by single-and double-strand DNA breaks that can be detected by the comet assay. Thus, we applied a modification of the assay, which allows to determine the presence of altered purines, including 8-oxoguanine and oxidised pyrimidine, using specific bacterial restriction enzymes, namely formamidopyrimidine-DNA glycosylase (Fpg) and endonuclease-III (Endo-III) (14) . Chromosomal aberrations were evaluated using the cytokinesis-block micronucleus cytome (CBMN Cyt) assays. In recent years, the micronucleus (MN) test has evolved into a comprehensive approach aimed to evaluate at the same time chromosome breakage, DNA misrepair, chromosome loss, non-disjunction, necrosis, apoptosis and cytostasis (15) . Finally, we applied the fluorescence in situ hybridisation (FISH) with both human and mouse pancentromeric probes to differentiate aneugenic and/or clastogenic mechanisms involved in micronuclei formation. Aneuploidy is a major cause of human reproductive failure and an important contributor to cancer and it is therefore important that any increase in its frequency due to chemical exposures should be recognised and controlled (16) especially for nanomaterials for which an adequate legislation is still missing.
Materials and methods

Characterisation of CuO NPs
The main characteristics of the CuO NPs used in this study are summarised in Table I . CuO powder (CuO INT) was obtained from a commercial source (Intrinsiq Materials Ltd, Farnborough, UK) with the particle size specified by the manufacturer in the range 10-100 nm. CuO INT was obtained by plasma synthesis, whereas spheres, rods and spindles were obtained by reducing Cu 2+ by OH − in presence of acetic acid, as described previously (17) . X-ray diffraction (XRD) was used for the identification of the crystal structure using a Nonius PDS 120 powder diffraction system position sensitive detector. Transmission electron microscopy (TEM) was used to image the particles and assess the size and shape of the NPs and zeta potential to study the dispersion of the NPs used. TEM imaging was done on a HITACHI H7100, operating at 100 kV. Zeta potential measurements were performed on the nanoparticle suspension as well as the particles when suspended in cell culture media, using a Malvern Zetasizer Nano ZS instrument (Malvern Instruments, UK).
Cell culture and exposure to CuO NPs RAW 264.7 cells were purchased from the Istituto Zooprofilattico of Brescia (Italy). The cells were cultured in minimal essential medium (CELBIO, Milan, Italy) supplemented with 10%, heat inactivated, foetal bovine serum (CELBIO), 1% penicillin/streptomycin (CELBIO) and 1% l-glutamine (CELBIO). The cell cultures were maintained in a humidified atmosphere (5% CO 2 ) at 37°C. After 24 h of incubation, the cell cultures were treated with different mass concentrations of CuO NPs (0.01-100 μg/ml) for all cytotoxicity assays and from 0.1 to 10 μg/ml for the CBMN Cyt test and the comet assay. The study was also performed on human peripheral blood lymphocytes of two healthy male volunteers. Approximately 4-6 ml of blood was drawn by venipuncture in Li-heparin vials, according to standard procedure. The donors were chosen according to the following criteria: young age, non-smokers, without pharmacological treatments for at least 3 weeks before donation and without any radiological examination performed within the previous 3 months. Blood was drawn from the volunteers and 600 μl of whole blood was used to prepare two paired independent lymphocyte cultures for each subject in 4.7 ml of complete medium per culture. Standard medium was prepared with RPMI 1640 (Gibco BRL, Italy) supplemented with 10% foetal bovine serum (Gibco BRL), 1.5% phytohaemagglutinin (Gibco BRL) and 1% penicillin-streptomycin (Gibco BRL). CuO INT powder was weighed and suspended in the appropriate culture medium, then sonicated for 10 min in a sonicating bath (FALC, Treviglio, Italy). CuO spheres, spindles and rods were provided in aqueous suspensions by the Natural History Museum (NHM) of London, UK, and stored at room temperature. Aliquots of the concentrated aqueous suspension of CuO spheres, spindles and rods were directly added to the culture medium (not exceeding 1% v/v) and sonicated for 10 min, to obtain the final concentrations to be tested, evaluated by means of trypan blue dye exclusion (standard method). All the experiments were performed within 7 days after the CuO NPs delivery from NHM to ensure the stability of the suspension as indicated by the supplier.
MTT assay
Cytotoxicity was assessed by using MTT assay. Mitochondrial dehydrogenases of viable cells reduce MTT to water insoluble blue formazan crystals that are then solubilised by dimethylsulphoxide (DMSO); this assay thus indicates cell mitochondrial activity impairment. RAW 264.7 cells were grown to subconfluence in 96-well plates before being exposed to 0.01, 0.1, 1, 10 and 100 μg/ml CuO NPs suspensions for 2 and 24 h. Hydrogen peroxide (H 2 O 2, 10 μM) was used as a positive control. Whole blood cultures were carried out as described above and treated with the same conditions of adherent cells. We collected the cells (3000 rpm, 5 min) and resuspended them in 0.5 ml of complete medium. Erythrocyte lysis buffer (3.5 ml) [155 mM NH 4 Cl, 10 mM KHCO 3 , 1 mM Na 2 ethylenediaminetetraacetic acid (EDTA), pH 7.4] was added and after 1.5 min cells were collected (3000 rpm, 5 min). The cells were washed in 3.5 ml of complete medium once and then pelleted (3000 rpm, 5 min). The obtained pellet was resuspended in 3.5 ml of complete medium and 100 μl of the cell suspension was put in a 96-well plate. After exposure of all cell types (nine wells for each condition), 10 μl of a 5 mg/ml MTT solution was added. After 3 h at 37°C, medium in adherent cell culture was then replaced by 100 μl of DMSO and mixed thoroughly to dissolve the formazan crystals; to cell culture in suspension, 100 μl of DMSO was added without discarding the medium. To limit potential interactions due to the possible presence of residual NPs that could interfere with the assay, parallel cultures without cells (blank) were used to take into account the absorption due to nanomaterials. Then, absorbance was measured at 570 nm (630 nm background) and cell viability was determined as a percentage of the negative control (unexposed cells) minus the percentage of concurrent condition blank absorbance. IC 50 values (50% inhibitory concentration) were extrapolated graphically from the plotted absorbance data.
Cytokinesis-block micronucleus cytome assay
The CBMN Cyt on whole blood treatments was performed according to the procedure described by Migliore and co-authors (13, 18) . After 24 h of culture, the cells were exposed to CuO NPs at concentrations ranging from 0.1 μg/ml to 10 μg/ml. Mitomycin C (MMC; Kyowa Hakko Kogyo Co., Tokyo) (0.17 μg/ ml) was used as positive control. Cytochalasin B (6 μg/ml) was added after 44 h to block the cytokinesis process and lymphocyte cultures were harvested after 72 h. Cells were then treated with an hypotonic solution (0.075 M KCl) to lyse erythrocytes for 2 min, prefixed in 3:5 methanol:acetic acid, washed once with methanol and subsequently fixed twice with a 6:1 methanol:acetic acid fixative solution. Finally, the cell solution was dropped onto cold glass slides. The staining procedure was performed by immersing the air-dried slides in a 2% Giemsa solution in Sorensen's buffer (pH 6.8). To assess the genotoxic effects of CuO NPs in RAW 264.7 cells, the CBMN Cyt assay was performed as follows. Briefly, making the appropriate dilutions, a suitable quantity of cells (2 × 10 4 cells/cm 2 ) was seeded into six-well plates and two paired independent cultures for each concentration were prepared. After 24 h, the macrophages were treated with CuO NPs as described earlier. MMC (0.17 μg/ml) was used as a positive control. Forty-four hours after the initial preparation of the cultures, cytochalasin B was added to each test well to a final concentration of 4 μg/ml to block cytokinesis of dividing cells. Cell cultures were then harvested after 28 h and treated as described earlier. Two thousand binucleated cells were examined for each experimental point in a blind mode (1000 from each independent culture replicate) using a Nikon Eclipse 800 optical microscope (final magnification of ×400). The scoring criteria adopted by Fenech (15) were followed for each endpoint. Briefly, we evaluated the binucleate micronucleated cells frequency as number of binucleate cells containing one or more micronuclei per 1000 binucleated cells and the total number of micronuclei in 1000 binucleated cells. Moreover, 500 cells were scored to evaluate the percentage of mono-, bi-, triand multinucleated cells, and the CBPI (cytokinesis-block proliferation index) was calculated as an index of cytotoxicity by comparing values in the treated and control cultures. The CBPI indicates the average number of cell cycles per cell during the period of exposure to cytoB and may be used to calculate cell proliferation. Finally, other damage events were scored in once-divided binucleated cells per 1000 cells, namely: (i) nucleoplasmic bridges, a biomarker of DNA misrepair and/or telomere end-fusions and (ii) nuclear buds (NBUDs), a biomarker of elimination of amplified DNA and/or DNA repair complexes. The number of apoptotic and necrotic cells as defined by Fenech (15) and mitotic figures per 500 cells were also evaluated.
Fluorescence in situ hybridisation
Separate slides from CBMN Cyt were used to achieve FISH with human and murine pancentromeric probes (Kreatech Diagnostics, Netherlands). Slides of treatments with 1 μg/ml of NPs, positive and negative control were examined for the presence of centromeric spots in MN and were classified as centromere positive (MN C + ) and centromere negative (MN C − ). Slides were pretreated in 2× standard saline citrate (SSC)/0.5% Igepal, pH 7.0, at 37°C for 15 min and dehydrated in a graded ethanol series (70, 85 and 100%); slides and probes were co-denatured for 10 min at 75°C and overnight at 37°C on a humidified chamber. Post-hybridisation washing was performed in 1× washing buffer (0.4 × SSC/0.3% Igepal) for 2 min at 72°C. Afterwards, slides were washed in 2 × SSC/0.1% Igepal for 1 min at room temperature and dehydrated in a graded ethanol series (70, 85 and 100%) for 1 min each. The slides were counterstained with DAPI (0.1 μg/ml). For FISH analysis, 500 binucleated (BN) cells were scored per culture. The MN in BN were examined using the same scoring criteria described previously for the CBMN Cyt assay. The preparation was examined with a Nikon Eclipse 800 microscope (final magnification of ×400) equipped with a 100W mercury lamp and triple band-pass filters (DAPI/FITC/Texas Red or DAPI/FITC/Rhodamine) are used to view multiple colours and single band-pass filters are used for individual colour visualisation.
Comet assay and oxidative damage to DNA
The modified alkaline comet assay (19) was carried out on RAW 264.7 cell cultures seeded at a concentration of 2 × 10 4 cells/cm 2 in six-well plates. After attachment, cells were treated with CuO NPs at different concentrations (see above). In whole blood cultures, after 24 h from the beginning of culture, the cells were exposed to the same concentrations of CuO NPs. In all cell cultures, 10 μM hydrogen peroxide was used as a positive control. At least two independent experiments were performed for each concentration tested and incubation was performed for 2 or 24 h. After treatment, the cell pellet was used for the comet assay. Briefly, the slides were spread with 1% normal melting agarose (Sigma-Aldrich, St Louis, MO, USA) in PBS (Sigma-Aldrich) and left to solidify at 4°C. Cell pellets were suspended in 85 μl of 0.5% lowmelting agarose (Agarose wide range, Sigma-Aldrich) in PBS at 37°C and two slides per culture were prepared. The cell suspension was dropped on top of the first agarose layer, covered with a coverslip and allowed to solidify at 4°C. A final layer of 0.5% low-melting agarose was then added to the slide. The lysis procedure was performed in cold lysis buffer (2.5 M NaCl, 100 mM Na 2 EDTA, 10 mM Tris, 10% DMSO and 1% Triton X-100, pH 10.0) for 1 h at 4°C. The slides were then placed for 20 min in alkaline buffer (300 mM NaOH, 1 mM Na 2 EDTA, pH > 13.0) and electrophoresed for 20 min at 25 V adjusted at 300 mA. The slides were neutralised in 0.4 M Tris buffer, pH 7.5, for 5 min, twice and in methanol absolute for 5 min, once. Coded slides were scored after staining with ethidium bromide (20 μg/ml) using a fluorescence microscope (Nikon Eclipse E800) at ×200 magnification. The percentage of DNA in the comet tail in a total of 100 randomly selected cells per sample (two replicates, each with 50 cells per slide) was used as a measure of the amount of DNA damage. Analysis was carried out by using a Comet Image Analysis System, version 5.5 (Kinetic Imaging, Nottingham, UK). Results were reported as percentage of tail DNA. To determine the presence of oxidised pyrimidine and purine bases, specific bacterial enzymes, namely Endo-III and Fpg, respectively, were used. Two independent experiments were performed at 2 and 24 h treatment. Before electrophoresis, the slides were washed with enzyme buffer (3.72 × 10 −3 g/ml Na 2 EDTA (Carlo Erba, Milan, Italy), 7.45 × 10 −3 g/ml KCl (Carlo Erba), 2.38 × 10 −3 g/ml HEPES (Sigma-Aldrich) and 1 × 10 −3 g/ ml BSA (Sigma-Aldrich) (only for the Fpg enzyme) three times for 15 min at 4°C. Next, 100 μl of either buffer alone (reference slides) or 1.5 × 10 -6 g/ml of Endo-III or Fpg (Trevigen, Gaithersburg, MD, USA) was applied to each slide, which was subsequently covered with a coverslip and incubated at 37°C for 45 min (Endo-III) or 30 min (Fpg) in humidified chambers. After the treatment, slides were placed in a horizontal electrophoresis chamber and electrophoresis was performed as described earlier. To detect oxidised purines or pyrimidines, slides were incubated without enzymes (i.e. only buffer) and compared with those incubated with Fpg or Endo-III enzymes, respectively. To determine the number of enzyme-sensitive sites, the difference between the value of the percentage of tail DNA obtained after digestion with each enzyme and with the buffer only was calculated.
Statistical analysis
All results are expressed in terms of the mean and standard error of the mean for two independent duplicated experiments, except where it is differently indicated. The statistical significance of the results was calculated using Student's t-test. The level of significance was set at P < 0.05. A linear regression equation was used to calculate the effect of mass concentration on each endpoints. IC50 values are graphically interpolated from the dose-effect curves. All statistical analyses were performed using STATGRAPHICS Plus (SGWIN, version 2.1). Table I summarises the main characteristics of CuO NPs used in this study. The sizes of the primary particles are measured from the TEM images ( Figure 1) ; INT NPs appear highly polydispersed and particle sizes range from 10 to 100 nm approximately, whereas the spheres, rods and spindles were monodispersed with sizes of 7 ± 1 nm, 7 ± 1 × 40 ± 10 nm and 1200 ± 250 × 270 ± 50 × 30 ± 10 nm, respectively. Zeta show that CuO spheres, spindles, rods and INT samples contain tenorite copper oxide (ICDD 48-1548); no other material is detected. To assess the stability of the nanoparticle suspension in cell culture media, zeta potential analysis was conducted. Particles at a concentration of 0.1 mg/ml were added to RPMI medium and Dulbecco's modified Eagle's medium and gently vortexed and pipetted for ensuring particle dispersion. Zeta potential measurements showed very similar values for all the four types of samples compared with the cell culture medium alone (e.g. Zeta RPMI = -6.8 ± 0.1; Zeta RPMI+CuO rods = -9.8 ± 0.4; Zeta RPMI+CuO spheres = -10 ± 1; Zeta RPMI+CuO spindles = -9 ± 1; Zeta RPMI+CuO INT = -7 ± 0.4). However, on examining the digital images of the suspension, the particles showed high dispersability in both media, with the exception of CuO INT samples that showed signs of particle sedimentation indicating particle agglomeration. The CuO INT preparation (pH 5.5 in water and 7.5 in medium) is far enough from its isoelectric point (between 9.0 and 10.0) to ensure a relatively good colloidal stability (12) . Data on surface area and percent dissolution presented in Table I are largely discussed by S. K. Misra, S. Nuseibeh, A. Dybowska, D. Berhanu, T. D. Tetley and E. Valsami-Jones, submitted for publication, who performed dissolution studies in 1 mM NaNO 3 and also in serum-free cell culture medium.
Results
Characterisation of CuO NPs
Cytotoxicity
The MTT assay was performed with 0.01, 0.1, 1, 10 and 100 μg/ml of CuO NPs but only the data obtained in 0.1, 1 and 10 μg/ml exposure are shown because the 0.01 dose was not effective and the 100 dose was toxic for all tested NPs (percent of viable cells <50). CuO NPs exposure for 2 h at lowest tested concentrations (Figure 3a) led to a reduction in cell viability more evident for nanomaterials with smaller dimensions (spheres) in both cell systems. The CuO spindles (the largest dimension), however, generally showed a cytotoxicity trend in a dose-dependent manner that was statistically significant for RAW 264.7 cells. In peripheral blood lymphocytes, dose-dependent trends were observed for the CuO spheres. After 24 h exposure (Figure 3b ), the two cell types showed a slightly different sensitivity only to CuO spheres except for the highest dose of CuO rods and CuO INT. Phagocytic cells showed a dose-dependent cytotoxicity trend both in CuO spheres exposure, CuO spindles and CuO rods, with spheres and rods treatments the most effective. The highest tested concentrations of spheres, spindles and rods were the most effective in inducing cytotoxicity also in exposed blood cultures. The IC 50 values are summarised in Table II highlighting the most effective response induced by CuO spheres in RAW 264.7 (94.8 μg/ml) and in blood cultures after 2 h exposure (22.6 μg/ml). Following 24 h exposure, the most effective responses in RAW 264.7 were similarly induced by CuO spheres and rods (9.9 and 10.2 μg/ml, respectively); CuO spheres caused the most effective cytotoxicity in blood cultures (12.1 μg/ml). The IC 50 values bring out a slight sensitivity of the phagocytic cells compared with lymphocytes. Considering results obtained in RAW 264.7 after 24 h exposures, it is possible to define the following cytotoxicity rank: CuO spheres > CuO rods > CuO spindles > CuO INT, which is quite the same rank of mass percent dissolution (3.5, 1, 0.66 and 0.7 %, respectively) but not similar to the size rank (7, 7 × 40, 1200 × 270 × 30, 10-100 nm, respectively) and available surface area (60, 51, 18, CuO INT m size, we expect the surface area of INT and spindles to be lower showing that the lower cytotoxicity can be linked to a lower surface area, even if it has to be considered that the surface area is not only dependent on the size but also on the porosity of the NPs.
However, because the IC 50 values for every NP tested were similar, the relationship among dissolution, potential agglomeration and cell viability was not directly proportional to surface area. For example, CuO spindles (which dissolved minimally and have the least surface area) were comparably cytotoxic with respect to the other CuO NPs. This complex bioreactivity is more evident in 24 h blood responses where the rank of cytotoxicity is CuO spheres > CuO rods > CuO spindles > CuO INT, confirming the major efficiency of CuO spheres and rods to induce cell death. This situation could be explained by the same order of mass percent dissolution and size rank, taking into account the prominent phagocytic activity of macrophages with respect to lymphocytes that could play an important role in NP uptake. Coherently, the IC 50 values obtained in lymphocytes were generally higher than those obtained in RAW 264.7. Results obtained with the MTT assay were also confirmed by trypan blue dye exclusion assay (data not shown). Table III summarises the results of cell proliferation and cytostasis measured by scoring the CBPI and mitotic, apoptotic and necrotic indices. All doses in both cell systems reduce the proliferation index in a statistically significant manner. A linear relationship was found in the CBPI of CuO INT exposed RAW 264.7 cells, whereas exposed lymphocytes to spindles and CuO INT revealed a decrease of cell proliferation in a dose-related manner. Exposure to CuO NPs caused apoptotic responses measured by apoptotic figures scored in the CBMN Cyt assay. Programmed cell death was increased to 2.5-fold (CuO spindles and rods) in macrophages and up to 4.5-fold in lymphocytes (CuO INT), whereas severe necrotic responses were observed in RAW 264.7 cells but not in exposed whole blood. Consistent with the inhibition of proliferation, an inhibition of mitotic index was observed in both studied cellular systems. Cytostatic responses are not directly related to considered physicochemical characteristics of the NPs. Figure 4 shows the micronuclei frequency obtained by treating RAW 264.7 cells and blood cultures with different mass concentrations of CuO NPs suspensions. Despite the similar pattern of proliferation, the frequency of micronuclei is much higher in phagocytic cells compared with lymphocytes except for exposure to CuO INT, where the highest tested concentration induced a greater micronuclei formation in lymphocytes and also caused a concurrent clear reduction of the CBPI (from 1.86 to 1.32). A linear relationship was found in the MN induction by CuO spheres and spindles treatments in RAW 264.7 cells and by CuO spindles, rods and INT treatments in lymphocytes.
Cytostasis and chromosomal damage
There was a highly significant dose-dependent increase in nucleoplasmic bridges frequency as a result of exposure to CuO spindles, rods and INT in lymphocytes cultures, whereas CuO spheres and rods treatments in RAW 264.7 reveal a trend (P < 0.05 for all dose-response effects) ( Figure 5 ). NBUDs, MN-like bodies attached to the nucleus by a thin nucleoplasmic connection, are significantly generated only after RAW 264.7 cells exposure to NPs except CuO INT (Figure 6 ). Most NBUDs in binucleate cells appear to originate from interstitial or terminal acentric fragments, possibly representing nuclear membrane entrapment of DNA that has been left in cytoplasm after nuclear division, or excess DNA that is being extruded from the nucleus (20) . No significant NBUDs formations were seen in lymphocytes except after CuO spheres and INT exposure.
Clastogenic and aneuploidogenic effects of CuO NPs
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1.62 ± 0.06** 1.59 ± 0.04*** 1.6 ± 0.2*** 3. Data represent the mean ± SEM of two separate experiments. Statistically significant differences from the control were determined by Student's t-test (*P < 0.05; **P < 0.01; ***P < 0.001). Figure 7 shows data obtained in evaluating the CuO NP-induced DNA damage by the comet assay. Cells were exposed for 2 and 24 h, with the same range of CuO NPs concentrations used for the CBMN Cyt assay. A significant increase in DNA migration (i.e. primary DNA damage) was detected after 2 and 24 h treatments.
Primary and oxidative DNA damage
Comparing the two cell systems, it is evident that they react differently to NP treatments. Significant trends were found in PBL (2 and 24 h), whereas the RAW 264.7 cells showed a dosedependent effect only after the short treatment. CuO INT exposures were the most effective in inducing DNA fragmentation after 2 h exposure both in RAW 264.7 and PBL (about 4.5-fold and 6-fold higher than in untreated control, respectively), whereas CuO INT and rods were the most effective after 24 h exposure.
The 2 and 24 h treatments were also used to investigate oxidative damage to DNA, by using the repair enzymes Endo-III ( Figure 8 ) and Fpg ( Figure 9 ). Both 2 and 24 h NPs treatments demonstrated the induction of Endo-III sensitive DNA sites (oxidised pyrimidine) in both cell systems. Specifically, after 2 h of treatment, RAW 264.7 and PBL showed linear doseeffect curves with phagocytic cells particularly susceptible to spindles and rods treatments, whereas the lymphocytes appear to be generally more sensitive to 24 h CuO spheres exposures. Fpg, instead, induced significant increases in strand breaks due to oxidised purines at all concentrations tested at 2 h for RAW 264.7 and PBL. Moreover, 24 h of PBL treatment (CuO spheres and rods) showed dose-dependent effects more than RAW264.7 cells (CuO spindles). CuO spheres treatments were the most effective in macrophages, whereas rods exposures were the most effective in lymphocytes.
Discussion
Cytotoxic and genotoxic responses following in vitro exposure to CuO INT and differently shaped CuO NPs (mass concentrations from 0.1 to 100 μg/ml) were assessed in murine macrophages and in PBL. The MTT assay revealed a decrease of cell viability in RAW 264.7 cells and PBL with significant dose-effect relationships over the tested concentrations and with distinctive patterns for different CuO NPs; the comparison between cytotoxicity and physicochemical characteristics of NPs showed a differentiated bioreactivity, however, not directly attributable to any of the individual NPs characteristics. For instance, despite the significant differences in solubility between the four sets of CuO NPs (S. K. Misra, S. Nuseibeh, A. Dybowska, D. Berhanu, T. D. Tetley and E. Valsami-Jones, submitted for publication), there is only a slight variation in cytotoxic responses. Our studies were performed in 1 mM NaNO 3 , but even in serum-free cell culture medium (DCCM-1) a significantly higher percentage dissolution was found for all the nanoparticles, whereas the relative properties within the different shapes still persist (S. K. Misra, S. Nuseibeh, A. Dybowska, D. Berhanu, T. D. Tetley and E. Valsami-Jones, submitted for publication).
In terms of links with physicochemical properties, there seems to be a better correlation between NPs available surface area and cytotoxicity (data not shown) as would be expected due to the lower surface area of the larger particles. However, this correlation is not significant and it is not discussed further here.
Moreover, we have also to take into account the relative differences in zeta potential that can lead to a higher agglomeration that could retard the dissolution (21) and the diffusion of metal ions (S. K. Misra, S. Nuseibeh, A. Dybowska, D. Berhanu, T. D. Tetley and E. Valsami-Jones, submitted for publication). However, all CuO NPs used in this study showed strong cytotoxic responses, independently from their differences in zeta potential.
Cytostatic responses, evaluated by scoring apoptotic, necrotic and mitotic figures as well as the proliferation index in CBMN Cyt assay, could not be linked to a specific physicochemical property.
CuO NPs also induced a significant increase in MN frequency in PBL and in RAW 264.7, and FISH analysis revealed that all CuO NPs are able to induce a significant increase in malsegregation events. It is known that many nanomaterials such as multi-walled carbon nanotubes, amorphous SiO 2 , TiO 2 and CoCr can induce aneuploidy by mechanical interference with the cytoskeleton, causing chromosome missegregation (22) . Overall, this study provides the first evidence of the CuO NPs potential to induce clastogenic and aneugenic events. 6 . Nuclear bud frequency determined by CBMN Cyt assay after CuO NPs exposure at indicated mass concentrations (microgram per millilitre). C + , 0.17 µg/ ml mitomycin C. Statistically significant differences from the control were determined by Student's t-test (*P < 0.05, **P < 0.01, ***P < 0.001). RAW 264.7 CuO spindles treatment showed a dose-effect relationship (r = 0.91, R 2 = 83%, P = 0.032). PBL CuO rods treatment showed a dose-effect relationship (r = 0.99, R 2 = 98.5%, P = 0.007). MMC, 0.17 µg/ml mitomycin C. Statistically significant differences from the negative control were determined by Student's t-test and all data result P < 0.05 respect to relative control.
Moreover, there was a highly significant increase in nucleoplasmic bridges frequency indicating chromosome breakage and fusions in both cell systems, whereas NBUDs were significantly generated only in RAW 264.7 cells. The induction of apoptosis and chromosomal rearrangements often in a dosedependent manner and specifically at low doses of NPs, accompanied by proliferation arrest at high concentrations, suggests differential sensitivity of NPs concentrations independently from cell types. A possible mechanism could be interpreted as a status where cells tolerate DNA damage and gain resistance to cell death at low dose exposures.
The comet assay also showed an increase in primary DNA damage after 2 and 24 h treatments, whereas oxidative damage to DNA was found with NPs shape-related trends.
Interestingly, for the RAW 264.7 cells the CuO INT NPs caused the highest response in primary DNA damage scored by the comet assay, but a more modest effect in terms of MN frequency. The two assays have different sensitivity especially with regard to the potential to induce missegregation as already demonstrated by Hartmann and co-authors (23) . In fact, genotoxic insults induced by aneugens are not readily detectable by the comet assay and CuO INT NPs, the least aneugenic NPs among those tested by us (as shown here by FISH analysis), are the most effective in inducing DNA damage assessed by the comet assay.
This study shows, therefore, that two sets of CuO NPs, synthesised using very different protocols (lab aqueous synthesis and commercial plasma synthesis) both can induce cytotoxic, cytostatic and genotoxic effects. These findings are consistent with a wide range of data available in the literature and demonstrate that all CuO NPs, effectively independently from their precise size and shape, clearly cause positive responses. Among different metal oxide NPs for which a certain amount of studies are available, CuO appears to trigger the highest responses for inducing cytotoxicity, intracellular ROS generation and DNA damage (8) . Karlsson and coworkers (8) showed that the A549 cell viability determined after 18 h of exposure to CuO NPs at doses of 40 μg/ml and 80 μg/ml was reduced by 90 and 96%, respectively. These toxicity data were consistent with our results and the results they obtained by the comet assay using Fpg, demonstrating oxidative lesions induced in DNA. We found effectively a clear induction of oxidative damage to DNA detected not only by using FPg, an enzyme that recognises and excises oxidised purines (including 8-hydroxy-20-deoxyguanosine), but also by using Endo-III that recognises and excises oxidised pyrimidines. Oxidative damage to DNA seems to be the central element in the induction of the series of multiple effects shown in this study. Consistent with the supposed oxidative CuO NPs effects, the addition of the antioxidant N-acetyl-cysteine has been shown to significantly protect RAW 264.7 cells from the cytotoxicity induced by submaximal doses of this nanomaterial (12) . Moreover, by evaluating their ability to cause cell death, mitochondrial damage, DNA damage and oxidative DNA lesions, NPs of CuO were found highly toxic when compared with other metal oxide NPs and much more toxic compared with CuO micrometric-sized particles (24) . In human laryngeal epithelial cells (HEp-2), CuO induced the greatest amount of cytotoxicity in a dose-dependent manner and was able to overwhelm antioxidant defences (e.g. catalase and glutathione reductase) compared with other oxides such as silicon oxide and ferric oxide NPs. Moreover, a significant increase in the level of 8-isoprostanes and in the ratio of GSSG to total glutathione in cells exposed to CuO, together with a partial reduction of the cytotoxic effect when HEp-2 cells were co-treated with resveratrol was observed (25) .
Even in human A549 cells, CuO NPs were found to induce oxidative stress in a dose-dependent manner indicated by cultures are shown. Statistically significant differences from the control were determined by Student's t-test (*P < 0.05, **P < 0.01, ***P < 0.001). CuO spheres treatment for 2 h in RAW 264.7 showed a dose-effect relationship (r = 0.97, R 2 = 94%, P = 0.03) as well as CuO INT exposure (r = 0.98, R 2 = 96.7%, P = 0.016). In 2 h whole blood treatment, a dose-effect relationship was found in spheres (r = 0.99, R 2 = 98.4%, P = 0.008), rods (r = 0.99, R 2 = 98.6%, P = 0.007) and CuO INT (r = 0.98, R 2 = 95.2%, P = 0.02). After 24 h treatment, CuO spheres and spindles showed a doseeffect relationship in RAW 264.7 (r = 0.99, R 2 = 98.8%, P = 0.006 and r = 0.96, R 2 = 91.4%, P = 0.04, respectively) and also in PBL 24 h exposure a dose-effect relationship was found for CuO spheres (r = 0.99, R 2 = 98%, P = 0.01), rods (r = 0.99, R 2 = 99.4%, P = 0.003) and CuO INT (r = 0.98, R 2 = 96.6%, P = 0.02).
depletion of glutathione and induction of lipid peroxidation, catalase and superoxide dismutase (6) . Moreover, that study showed that CuO NPs induce significant effects on cell viability, even at the lowest dose tested (10 μg/ml) and that A549 cell viability is reduced to 48% at the highest concentration tested (50 μg/ml) after 24 h of exposure. The ability of the CuO NPs to cause cell death, DNA damage and oxidative DNA lesions was evaluated by Wang and coauthors (26) and one key mechanism proposed was the ability of CuO NPs to damage mitochondria. CuO NPs showed significant toxicity mediated by oxidative stress in both HepG2 cells and catfish primary hepatocytes (26) . The toxicity observed not only highlights ROS-induced cell death but also was linked to cell and mitochondrial membranes. Furthermore, high content bright-field imaging demonstrated potent and dose-dependent hatching interference in the zebrafish embryos compromising the activity of the hatching enzyme, ZHE1 (27) . This hypothesis is based on the presence of metal-sensitive histidine in the catalytic centre of this enzyme. Furthermore, complexationmediated leaching of CuO NPs by amino acids was identified as the source of toxicity towards Escherichia coli showing that the leached copper-peptide complex induces a multiple-fold increase in intracellular ROS generation and reduces the fraction of viable cells, resulting in the overall inhibition of biomass growth (28) .
NP cytotoxicity also depends on intracellular solubility as demonstrated by a comparison of stabilised copper metal NPs and degradable CuO NPs (29) . Using copper as a representative example, Studer and collaborators (29) compared the cytotoxicity of copper metal NPs stabilised by a carbon layer with copper oxide NPs using two different cell lines. Measuring the intra-and extracellular solubility of the two materials in standard buffers, the authors explained the cytotoxicity difference on the basis of altered copper release. In fact, the well-known mechanism of intracellular dissolution (Trojan horse-type mechanism) illustrates how NPs can bypass the protection of mammalian cells against heavy metal ions and the dominating influence of physicochemical parameters on the cytotoxicity of a given metal (30) . However, the electronic properties of the oxide NPs, determined by their chemical composition, can be modulated by crystalline structure, defect, size, shape and morphology, and may play an important role in their cytotoxicity. For instance, although no significant differences were observed in the cytoxicity of spherical and sheet-shaped ZnO NPs on BEAS-2B and RAW 264.7 cells, there were differences in their cellular association and inflammatory potential (31) . Even so, ZnO NPs with different sizes and shapes can induce different cytotoxic effects in A549 human lung epithelial cells as well as different influences on the mitochondria activity and chemokine production (32) . Likely, the differential effects of NPs size and shape on their cytotoxicity can also be closely linked to the cell type. NPs with different specific surface area, different sizes and different raw material but the same hydrodynamic diameter, differentially disturbed the Caco-2 cell monolayer integrity, were cytotoxic and triggered an increase of several transcripts coding for pro-inflammatory cytokines and chemokines; this differential toxicity was only partly correlated with the release of copper and with the shape of the NPs (33) . For a number of biomarkers, the biological responses are significantly more important in presence of CuO NPs than in presence of soluble Cu suggesting a specific nanoparticle effect (34) . CuO NPs were clearly observed in both the cell nucleus and the mitochondria after being taken up by human pulmonary epithelial A549 cells mainly through endocytosis, although part of the internalised CuO NPs were dynamically excreted to the extracellular environment (35) . Intracellular localisation was also observed from 2 to 24 h of incubation with both rod-shaped and spherical CuO NPs in HepG2 cells (36) . In addition, numerous CuO NPs were observed in dead A549 cells compared with viable cells, suggesting that the difference in the amount of CuO NPs that are absorbed into individual cells may determine their fate (37) . This interesting study by Hanagata and co-authors (37) also showed that up-regulation of DNA damage-inducible 45 β and γ genes expression was not observed with Cu ions released into medium but was observed in cells exposed to CuO NPs, highlighting that CuO NPs themselves cause genotoxicity. Other than size or shape, the response of NPs in the cells may be directed by complications regarding dosage. For chemicals, dosage simply implies molar concentration, whereas for NPs the concentration can be viewed as a 2D entity, one component being the atomic or molar density, the other being the size, shape or other surface properties (38) . Thus, a complex interplay prevails between size, shape, dissolution, zeta potential, surface area and nature of surface functionalisation, as well as the nature of protein corona that defines the biological identity of NPs. Nevertheless, numerous controversies persist about the biological impact of NPs physicochemical properties and further studies are needed due to relatively few reports describing the extents to which the NP properties influence their toxicity.
Overall, the data obtained here together with the available literature suggest that CuO NPs should be considered as a valuable positive control for cytotoxicity and genotoxicity studies of nanostructured materials, at least in in vitro studies with murine and mammalian cells, due to the fact that they exert a clear cytotoxic and genotoxic action, independent of their size and shape. For instance, Rotoli and co-authors (12) observed that CuO NPs (the same CuO INT used for our work) had very marked effects on cell viability, comparable to that observed upon treatment with Ni NPs, used as a positive control in comparative studies of metal oxide NPs on human airway epithelial cells and macrophages. However, although the primary role of oxidative stress mechanisms and the contribution of aneugenic responses in cytotoxicity and genotoxicity induced by CuO NPs is clear, it would need to be combined with a better understanding of cellular uptake levels, in particular in the function of different cell types.
Positive controls are needed to demonstrate the ability of the cells used and the test protocols to detect compounds able to induce adverse effects (39) . Moreover, the appropriateness of available testing systems for nanomaterials requires confirmation and standardisation (40) . The availability of reference materials is important to function as a benchmark for the adverse effects of materials with complex structures and to compare toxicological data from various studies appropriately (41) . 
Funding
